Purpose The purpose of this article is to find a suitable life cycle assessment (LCA) method to quantify the most important environmental burdens caused by construction processes of torrent control structures. To find these environmental burdens, 17 construction projects of the BAustrian Service for Torrent and Avalanche Control^(WLV) were analyzed using the Bcradle to gate with options^LCA methodology (CEN, 2013) . Methods This article explains an LCA methodology for the product stage and the construction process of torrent control structures following existing standards. The iterative approach of LCA methodology (ISO, 2006a) was used to record all important processes of the system and to supplement missing information. The LCA methodology has been developed from existing standards of the construction and product sector. Since the production of some construction materials takes place locally, the generic data, for Austria, was adapted. Wood inherent biogenic carbon and primary energy, used as raw material, are treated as materials inherent properties (CEN, 2014) . The contribution of the various processes was reproduced by hotspot. Results and discussion Hotspots of the different stages are related to the construction materials used. The emissions and primary energy inputs in the product stage are clearly dominated by concrete and steel. If these two materials are used sparingly, the focus is on machine application and transportation. Depending on the selected scenarios, the smallest share of emissions, in relation to the total result of product and construction stage emitted by transport, is 3% and the maximum share is 69%. The greatest environmental impacts in the construction stage are caused by excavation work and transportation on-site. With an average of 4% in the construction stage, the transport of workers to the construction site cannot be neglected as is done in the building sector. Conclusions The conclusion of this study is that existing LCA models can be adapted to protective structures. In contrast to conventional buildings, the construction process and transportation are much more important and cannot be neglected. Shifting the hotspots to these processes requires specific calculation rules for that particular field. There is still a need for research to find a suitable functional unit and to develop a methodology for the use and end of life stage of these structures.
Introduction
In the period from 2010 to 2014, the BAustrian Service for Torrent and Avalanche Control^(WLV) invested an amount of 1262 million € in the sector of torrent control structures (Sinabell et al. 2009 ). Aimed at an improvement in efficiency, a structural and task-oriented further development of the WLV organization was completed in 2013. In this way, the provision of protective services in sustainable quality-adapted to the natural environment and to the impacts of climate change, socio-political conditions, and socio-economic developments-should be secured for the future.
The presently used assessment methods considering torrent control projects are only referencing monetary and economic data. For the evaluation of projects, only economic feasibility studies are applied. Therefore, two assessment methods are used: cost benefit studies, for project volumes exceeding one million €, and standardized benefit studies, for lower project volumes (ON 1999) . The LCA is the missing link to an ecological way of constructing these structures and should be part of resource-friendly management considering natural resource-saving strategies in the planning and decision process. In other building disciplines, such as building construction, methodologies for LCA have been developed recently (CEN 2011 (CEN , 2013 . The standards provide a subdivision of the building life cycle into four modules ( Fig. 1) : the product stage, the construction stage, the use stage, and the end of life stage. The study represents the product stage, which includes the raw material supply and the manufacturing of the construction materials, the construction process stage including machine use and transport processes, and the end of life stage for representing material inherent properties.
The building sector provides detailed guidelines for the cumulative energy demand (CED) and global warming potential (GWP 100 ) assessments of buildings. These two indicators are considered as the most frequently used environmental indicators for buildings (Bengstsson and Howard 2010) , and their calculation methodology is well established, e.g., IPCC 4th assessment report (Solomon et al. 2007; VDI 2012) . Both the CED and the GWP 100 will be considered in this study.
Seventeen construction projects of the WLV served as a basis for the life cycle inventory. These 17 projects come from all Austrian regional headquarters. The sizes of the projects are different and include several construction types. All input data of the projects are recorded as construction reports. Since this article focuses on the representation of the entire construction project and no comparisons are to be made between the projects, the construction types are not dealt with in more detail. Since there are no specific normative regulations for the calculation of their LCA, the existing standards for LCA methodology (ISO 14040, ISO 14044) and the standards of the construction sector are used and if necessary adapted. These adjustments were identified by the screening LCAs and the iterative process of LCA creation.
The purpose of this study is to examine the applicability of the existing LCA methods of the other building disciplines. There are two important standards, which deal with the assessment of environmental performance of buildings. EN 15978 (CEN 2011) defines the calculation method of construction works and EN 15804 (CEN 2013) the calculation method for construction products. This study applies these standards to the field of torrent control structures to answer following questions:
& Which system boundaries are suitable? & Which cutoff rules should be set? & Which data are usable to provide a good data quality? & Where are the hotspots of the processes?
The study is designed to collect data and analyze processes that are important during the product and construction stage (Fig. 2) . The aim is to screen the most important as well as negligible processes as well as system boundaries of these structures. The study is intended as basis for the further development of a methodological approach (cradle to grave) of LCA for torrent control structures and to give planners the possibility to decide how to build torrent control structures, not only on a constructive and monetary but also on an ecological level.
Methodology
The methodology is designed according to existing standards for LCA methodology (ISO 14040, ISO 14044) and the standards, which are dealing with the assessment of environmental performance of buildings (EN 15978; EN 15804) .
According to ISO 14040, LCA is an iterative method. In the course of the collection of data and information, various aspects of the study framework may require a change to achieve the original goal of the study. Through the collection of data and the subsequent screening LCAs, the system was continually developed to make the LCA as accurate as possible. The following steps describe this development.
The first step was the definition of a functional unit and the system boundary. In the initial iteration, the functional unit was set as the construction project to display the full product system and the system boundary was defined by EN 15978 and EN 15804.
Using the iterative approach (Paratscha et al. 2016) , the life cycle inventories of the 17 construction projects were created to find out which databases are usable and which data is missing. The creation of the life cycle inventories started in 2015. At the beginning of the study and in the course of the data collection, it has been shown that the ecoinvent 2.2 database (Frischknecht et al. 2005) provides almost all relevant data for the product stage. It was decided to keep this version of the database for this part of the study to maintain the consistency of the study. In addition, this database has a very good documentation of the individual processes and flows (Martínez-Rocamora et al. 2016) . Some generic data of the various construction machines were missing. In order to solve this problem, the online non-road database tool (FOEN 2017) was used to obtaining the missing data. Fuel consumption and emissions of machines in ecoinvent 2.2 are also calculated on the basis of this data source (Spielmann et al. 2007) . In order to adapt to the Austrian context, an Austrian electricity supply mix was used for the production of relevant products. This has been done with products, which, due to their production properties, are forced to be produced in the surroundings (Austria). The construction projects of the WLV are documented with construction reports. These reports only reflect material use, machine use, and on-site processes. The contents of the construction reports are structured according to the Austrian standard ÖNORM B 2061 (ON 1999) . Due to this, the information about transportation of materials and machines to the construction site is missing. Therefore, scenarios were developed and evaluated according to EN 15804.
The last step consisted of the life cycle impact assessment which considered the CED and the GWP 100 for the identification of significant issues. Further impact indicators can be found in Appendix A (Electronic Supplementary Material).
Functional unit
Each torrent has different characteristics. Accordingly, individual protection measures are required for each project. These protective measures are ensured by different structures made of different materials. This makes it necessary to look at the entire protection system when planning torrent control structures. The complexity of each protection system makes it look different. Due to the individuality and complexity of the protection systems, it is not possible to create a comparative LCA for different protection systems. In the generation of the screening LCAs, the entire protection systems were examined with all the structures included. Thus, the functional unit is one protection system.
System boundary
There are two important standards dealing with the assessment of environmental performance of buildings. EN 15978 (CEN 2011) defines the calculation method of construction works and EN 15804 (CEN 2013) the calculation method for construction products. The framework of this study follows these two standards. This LCA is to represent the product stage, the construction stage and partially the end of life stage (module A1-A5 + C4) ( Fig. 1) of Austrian torrent control structures. This kind of LCA is called Bcradle to gate with options^ (CEN 2013) in the field of the environmental product declaration (EPD) and is defined in a way that the modules A1-A3 with selected follower modules are included.
The product stage
The modules A1-A3 are made visible in the Bcradle to gatep rocedure. This procedure is defined in EN 15804. Part of this system is material and energy input as well as manufacturing and transport processes up to the gate. The treatment of waste, resulting from these processes, is also included. The effects and aspects of the production of investment goods (e.g., trucks) are included (CEN 2013) .
The data correspond to those of the ecoinvent project (Frischknecht et al. 2005) . The ecoinvent project has not set strict quantitative cutoff rules, but environmental knowledge of the people involved in compiling life cycle inventory data is used to judge if data is irrelevant. Estimations and assumptions are defined by ecoinvent, but if data availability is poor, stoichiometric balances are used (Frischknecht et al. 2007a ). Most of the used generic data from the ecoinvent database is based on Swiss product systems and processes. Some materials were changed for the application of local conditions. This application should represent the regional system boundary, which is defined for Austria. The modification of the product systems consists in the change of the electricity mix used for the material production. Which materials were changed and a sensitivity analysis can be found in Sect. 4.1.
& Module A1 covers the extraction and processing of raw materials as well as biomass production and processing. The content covers the reuse of products or materials from previous systems. The generation of electricity and heat from primary energy sources, including their extraction, refining, and transport are also included in this module. & Module A2 includes transport of raw material to the company and internal transport. & A3 is the module in which the production of the products themselves as well as co-products and the respective packaging is contained. Also included is the production of auxiliaries and supplies or precursors (CEN 2013).
The construction stage
The construction stage (modules A4-A5) covers the processes for the various construction products from the gate of the supplier up to the actual completion of the structure. The effects of the production of investment goods (e.g., trucks, cranes) must be taken into account according to EN 15978 (CEN 2011). The production of investment goods was excluded in this module since the corresponding data on the various construction machines were not included in the data source used.
& Module A4 covers the transport of materials and products from the factory to the construction site, including transport, storage, and distribution. The transport of building equipment to the construction site also has to be included (CEN 2013) . & Module A5 contains all construction processes that are carried out on the building site. Examples of this are earthworks, transportation within the building site, installation of the products, and all waste management processes (CEN 2013). According to EN 15978 transportations of persons, to and from the location, do not have to be included in the construction stage. In this study, they are taken into account in module A5 as they represent a relevant factor in the life cycle assessment.
The end of life stage
This module was included in the system boundary to correctly display material inherent properties in the product system. In module C4, burdens (e.g., emissions) from waste disposal are considered as part of the product system according to the polluter pays principle. If energy is produced during the waste treatment, such as electricity and heat from waste incineration or from landfill gas, then the potential credits from this usable energy are allocated to module D in the next product system (CEN 2013). According to EN 15978 (CEN 2011), the end of life of buildings is reached when all components and materials that have to be removed from the site have been removed. The big difference between buildings and torrent control structures is that the torrent control structures have reached their end of life after loss of functionality and then go directly into nature as a landfill. Thus, the material inert CO 2 is returned to the natural cycle and the energy contained in the material is not used any further. This means that the module D (Fig. 2) can be neglected by the missing reuse, and all disposal processes are represented in the system boundary by module C4.
Data collection
According to ISO 14044, the qualitative and quantitative data that are included in the life cycle inventory must be collected for each process module that is within the system boundary. The data collected either by measurement, calculation, or estimation is used to quantitatively determine the inputs and outputs of a process module. Since the data can originate from different data sources, measures should be taken during data collection to ensure a consistent and conclusive understanding of the product system to be modeled (ISO 2006b) .
The basis for the data collection ( Fig. 2) consists of the construction reports of the WLV, which provide the primary data for the product systems. In addition to the construction reports, statistical data (Eurostat 2017 ) was used to define transport distances to the construction site.
The next step was to link the contents of the construction projects with generic data from existing LCA databases. In addition to the ecoinvent database, one more data source had to be used. The data for the construction machinery was generated from the online non-road database (FOEN 2017) for the reference year 2015.
Construction reports
A construction report is a cost calculation for a construction project and is based on calculation rules, which are regulated in the Austrian standard ÖNORM B 2061 (ON 1999) . A construction cost calculation is divided into cost groups. These include material costs and equipment costs.
The basis for material costs are the purchase prices either from the delivery point or delivered to construction site, the latter is applied to the analyzed construction reports. Material costs are divided into costs for raw material, auxiliary material, and consumables. The consumables include, e.g., electrical energy, fuels, and lubricants.
The equipment costs are the result of the time required for the supply of the service. In these costs, fuel, lubricants, and transport/removal are already included if they are not stated as material costs.
The total price is obtained by adding up all the item prices. Item prices arise by multiplying the unit price by the quantity of the item. Units of measurement such as m, m 2 , m 3 , km, to, and h are considered. From this listing, the inventory data for the LCA was filtered out.
Databases
The quality of generic data should be treated in the same way as the other data required for LCAs. In this regard, there is no difference between the use of process-specific data and the use of generic data. In order to select a suitable set of generic data, in the absence of process-specific data, the following aspects should be assessed: representativeness; plausibility, completeness, and consistency and uncertainty (CEN 2010) . The following databases have been selected to comply with the requirements of ISO 14044 and CEN/TR 15941.
The ecoinvent database (Frischknecht et al. 2005 ) was selected for this project because of the documentation quality of the datasets (Martínez-Rocamora et al. 2016) . Ecoinvent was developed by the BSwiss Centre for Life Cycle Inventories.V ersion 2.2 of this database was used. The latest update of the ecoinvent 2.2 database was released in 2010 (Hischier et al. 2010) . The ecoinvent 2.2 database includes international industrial life cycle inventory data on energy supply, resource extraction, material supply, chemicals, metals, agriculture, waste management services, and transport services. The results of the ecoinvent project are described in several separate reports. These reports describe the methodology and the life cycle inventories and thus contribute to the understanding of all datasets (Frischknecht et al. 2007a ).
The online non-road database tool was created by the BSwiss Federal Office for the Environment^(FOEN). The tool provides the necessary data for calculating non-road pollutant emissions and fuel emission in the period from 1980 to 2050, with 2010 as the reference year. The basis of the tool is the non-road database of the FOEN, the structure and methodology of which is documented in the BFOEN Environmental Report No. 1519.^The emission calculations for the non-road sector are based on two basic principles. Quantities (stocks and operating hours) and the several emission factors are the basis. The fuel consumption of the non-road sector is calculated according to the same methodology as the pollutant emissions. The consumption factors used for diesel-powered machines are provided by the BEnvironmental Protection Agency^(EPA 2004; Notter and Schmied 2015).
Adaptation of datasets to compensate differences in local conditions (Switzerland to Austria)
Often, data does not accurately reflect the local conditions. A compensation based on a quantitative empirical basis for local conditions is always the best option. The data should always be documented in the LCA report, and the sensitivity based on these assumptions should be assessed (CEN 2010) .
Since the production of some construction materials takes place locally, the dataset, which comes from Switzerland, was adapted for Austria. This application was made by replacing the current electricity supply mix used for the affected processes.
The electricity (medium voltage) used for the production of materials is transported on the high voltage network and transformed to and transported on the medium voltage network. This dataset is used in ecoinvent 2.2 to calculate the electricity supply of industrial processes for example in steel mills, automobile factories, and chemical industries (Frischknecht et al. 2007a ).
For Austria, the operating statistics 2004 (e-control 2005) are used. The used electricity production data is in good agreement with the data from the BInternational Energy Agency( IEA) but is 10% higher than that reported in UCTE (Union for the Coordination of the Transmission of Electricity 2005) (Frischknecht et al. 2007b) .
For Switzerland, the detailed information of the BSwiss Electricity Statistics^ (BFE 2005) , the statistics of thermal electricity production (Kaufmann and Gutzwiller 2005) , and the statistics of renewable energies (Kaufmann and Rigassi 2005) are used (Frischknecht et al. 2007b ).
This information has been applied to the materials produced locally and whose proportion of electricity input is responsible for more than 1% of the GWP 100 /CED. The percentage of the change in GWP 100 /CED caused must be at least 1%. These include the products concrete, cement, cement mortar, crushed limestone, crushed gravel, round gravel, sand, mastic asphalt, and grass seed. In order to detect and validate this change, a sensitivity analysis of the 17 case studies was carried out.
Transport scenarios
Since the transportations of materials and machines are not specified in the construction reports, four transportation scenarios for all 17 construction projects were developed. In the scenarios, three delivery distances of 30 km, 100 km, and 200 km were assumed. These distances have been used for all materials and machines. In the fourth scenario, the delivery distances were product dependent. The transport scenarios were designed and documented according to EN 15804.
In the development of transport scenarios, five different types of trucks were used (Table 1) . If the weight of the cargo was bigger than the average load of the truck, then the next largest truck was used. The information on the trucks and average load comes from the ecoinvent database (Spielmann et al. 2007 ). In addition, information from the BAustrian Motor Vehicle Act^was collected in order to comply with the local legislation (Motor vehicle law (KFG) BGBl. Nr. 267/1967 §4). The transports were each calculated with an average load and no load.
In scenario 4, statistical data from the BStatistical Office of the European Union^(Eurostat) was used to define realistic distances. The determination of the used transport distances are based on Table D1 .1 of the statistics on road transport (Eurostat 2017) . Figure 3 shows the proportion of the masses transported annually for different distance classes and groups of goods (GG) for Austria. The groups of goods are derived from the standard goods classification for transport statistics (NST 2007) . From the 20 existing product groups, the following were used: GG 1: Products of agriculture, hunting, and forestry; fish and other fishing products GG 2: Metal ores and other mining and quarrying products, peat, and uranium and thorium Fig. 3 Shares of transported weights in relation to the transport distance for each group of goods (GG) (Eurostat 2017 ) and mean transport distance for each GG in Austria GG 3: Other non-metallic mineral products GG 4: Basic metals; fabricated metal products, except machinery and equipment GG 5: Machinery and equipment GG 6: Equipment and material utilized in the transport of goods GG 7: Grouped goods: a mixture of types of goods which are transported together
In order to determine an average transport distance for the groups of goods, the sum product was formed from the data for Austrian domestic transports.
If the weight of the transported materials was not apparent from the construction reports, the densities were taken from the ecoinvent reports (e.g., wood) (Bauer 2007) or assumptions were made (Appendix C, Electronic Supplementary Material).
3 Life cycle impact assessment
Impact assessment methods and impact categories
The impact assessment methods CED (V.1.0.1) and CML 2001 (Center of Environmental Science of Leiden University) were used in the study. The CED method calculates the total renewable as well as non-renewable primary energy input to represent energy consumption. In this paper, the CED is considered from here on to be an impact category indicator. The indicator is particularly suitable for detecting hotspots and to find potentials for energy savings (VDI 2012). The impact indicator GWP 100 was selected from the CML 2001 (V.4.4) method. The CML 2001 (V.4.4) is based on the IPCC 2007. The GWP 100 was selected to show the environmental impact of the emitted greenhouse gas. These two described impact category indicators are most frequently used in the building sector and are therefore part of the evaluation (Bengstsson and Howard 2010) .
Biogenic carbon content and primary energy content
The biogenic carbon content and primary energy content of wood is treated as a material inherent property. The handling of the material inherent properties of wood products is defined in EN 16485 (CEN 2014) and in ISO 21930 (ISO 2017). In the case of wood, the assumption of biogenic carbon neutrality is allowed for wood from countries which have opted to comply with the BKyoto Protocol^(Art. 3.4) or for wood originating from forests that have the appropriate certification of sustainable forestry (CEN 2014) . The biogenic carbon uptake takes place in module A1 as − 1 kg CO 2 and leaves the product system as + 1 kg CO 2 when reaching the end-of-waste status in the module C4. According to ISO 21930, the biogenic carbon flow of 1 kg CO 2 shall be characterized as 1 kg CO 2 eq. in the LCIA. Over the entire life cycle (A1-C4), biogenic carbon flows should result in zero net contribution to the GWP. This was followed in the study.
This concept is also applied to the primary energy content of wood. Solar energy, which is necessary for photosynthesis to grow the tree is included in the calculation in the module A1 and is leaving the product system in the module C4. Thus, the biogenic primary energy content of wood also results in zero net contribution to the CED. The renewable primary energy All processes involved in forestry operations on wood production are part of the product system and are considered accordingly. The absolute results for material inherent properties of used wood material are shown in Fig. 4 . The impacts of forestry operations and the material inherent properties can be found in Appendix B (Electronic Supplementary Material).
Results
The following results focus on the hotspots of the analyzed projects. For this reason, the relative results are shown and discussed. The absolute results can be found in Appendix A (Electronic Supplementary Material) and the inputs of the projects in Appendix B (Electronic Supplementary Material).
Application of Austrian electricity supply mix
The electricity supply mix was exchanged as described in Sect. 2.3.3. The sensitivity analysis shows that the GWP 100 of the 17 projects increases between 5.9% (project 3) and 0.3% (project 12) by application of the Austrian electricity supply mix (Fig. 5) . With an average change of 2.8% of the total result, the change appears to be justified (CEN 2013) . The different results are obtained by the various proportions of the materials used. The effects of exchange are mainly apparent in the product stage. The difference in the construction stage arises only when electricity consumption is stated on the construction site. Due to the higher proportion of fossil fuels used for energy production, it can be expected that the Austrian electricity mix will emit three times more emissions than the Swiss electricity mix (Frischknecht et al. 2007b ). It must be added that the environmental impact of radioactive material, which would show the disadvantages of the Swiss electricity supply mix is not included in this study. Figure 5 shows the change in the results for the GWP 100 impact category. The impact category GWP 100 was chosen for the representation since in this category the larger differences are determined.
It can be assumed that the differences have become smaller because ecoinvent 2.2 uses the electricity mix of 2005 and the share of renewable energy in Austrian gross domestic consumption rose from 20.6% (2005) to 30.2% (2014) (BMWFW 2017). As a result, a kWh electricity medium voltage produced in Austria in the year 2014 accounts for 0.0892 kg CO 2 eq. better than the one from 2005 (Treyer, K., electricity, medium voltage, AT, cutoff U, ecoinvent database version 3.4). A sensitivity analysis has shown that the GWP can be reduced by an average of 0.9% by applying the electricity supply mix of 2014. 
Hotspots in the product stage (A1-A3)
Twenty-five construction materials were used in the 17 construction projects analyzed. The product stage (A1-A3) includes raw material supply, transportation to the company, and production of construction materials. In the overall survey of the product stage (Fig. 6) , it was found that construction materials used for concrete structures (concrete, reinforcing steel, cement) represent almost 87% of the GWP 100 , thus representing the main share of emissions of the product stage. These materials also require the majority (72%) of the required production energy for construction products. The different performance of GWP 100 and CED of some materials is caused by the use of renewable energy sources with low emissions. This can be caused, e.g., by the direct use of hydropower.
Transport (A4)
Within the transport module, it is possible to differentiate between material and machine transportation (machines and containers). Depending on the quantity of materials delivered, the share of machine transportation varies. For large construction projects, this share is only small but can account for up to 20% of the transportations for small construction projects. The composition of the scenarios with respect to transport and transport distances has already been explained in Sect. 2.3.4. Scenario 1 was calculated with an average transport distance of 30 km for all transports to the construction site. In scenario 2, the different average distances of the eurostat statistics were used, and in scenarios 3 and 4, the average distances were 100 and 200 km, respectively. Figure 7 shows that the variation within the scenario results is very wide because of the different sizes of the analyzed construction projects. The share of the transport module (A4) in relation to the total result (A1-A5) of the various construction sites in scenario 1 can be between 3 and 25%. In contrast, the proportion of the transport module in scenario 4 in relation to the total result of the various construction sites is already between 16 and 69%. Scenario 4 shows the extent of the impact of large transport distances and that transport is an important factor in planning. Scenario 2 provides a way to capture the various delivery distances of the different materials. By using statistical data from eurostat, it is possible to depict the model as realistically as possible.
Hotspots in the construction process stage (A5)
In the construction process stage, 13 construction machines and a variety of means of transport for on-site purposes were modeled. The electricity consumption of the construction site operation is also included.
The hotspots of this module (Fig. 8) are concentrating on excavation work and on-site transportations. The excavation is performed by crawler excavators, spider excavators, wheel roaders, and dumpers and is responsible for almost 42% of GWP 100 and 39% of the energy consumption in this module. These machines are also used for lifting and transporting heavy loads. By moving huge earth masses, many on-site transports (by lorry 20-28 t) are necessary. These transports account for 19% of the emissions in the construction stage and together with the excavation work account for 60%.
Small appliances such as pumps, compressors, and generators cover the remaining percentage. These machines, which are essential for the construction process, account for a considerable share of 29% (GWP 100 ) and 30% (CED) of this module, respectively. By assuming that these machines are running 8 h a day, the result can be seen as a maximum value.
An interesting result is that the transportation of the workers to the construction site with passenger car or van accounts for 4% of GWP 100 and CED of the construction stage (A4-A5). This finding clarifies that, contrary to the requirements of EN 15978, this transport is not negligible.
Since the construction sites are very different, as already mentioned, the results of the individual construction sites also show great discrepancies (Appendix B, Electronic Supplementary Material). The properties of the construction materials used are the main cause of the discrepancies. The more wood, gravel, or stone is installed, the greater the share of transport and machine use. This correlation can be seen by comparing Fig. 9 with Fig. 10 . Figure 9 shows the contribution of the various modules to the overall results of the projects. Using different construction materials and construction types, the results are quite different and not comparable. Figure 5 shows the material inherent properties of the wooden construction materials. From this figure, the amount of wood that was used in the several projects can be deduced. Because wood requires almost no energy or causes almost no emissions in production, the proportions of the modules shift accordingly. This shift also effects other construction materials, such as lime stone and gravel (compare Fig. 9 with Fig. 10 ).
Overall result
Since these materials do not require energy intensive production and thus cause fewer emissions, the influence of the product stage is less pronounced. Due to the high densities of these materials, the transport becomes correspondingly energy intensive in contrast to the production. In the case of materials such as concrete and steel, this effect is reversed and the product stage thus gains in influence.
A further material specific dependency of the transport is to be found in the transport distance. As described in Sect. 2.3.4, different statistic-based delivery distances for the various construction materials were determined in module A4. The above described behavior is diminished by the various distances, since stones and gravel are supplied from shorter distances than, e.g., metals.
The different properties of each project make it impossible to compare whole projects. In order to make a project comparable, it will be necessary to concentrate on individual construction types. This in turn means that construction specific functional units are necessary.
Discussion
LCA studies in the field of torrent and avalanche control are very rare. For this reason, this screening study was carried out. The study focuses on establishing system boundaries, identifying cutoff criteria and workable data sources as well as process hotspots.
One of the few examples of LCA in the field of torrent and avalanche control provides the study of Noda (Noda et al. 2014 ). Noda describes in its publication the LCA of three different types of check dam. Since these structures are not identical to those of this study and a different functional unit and database is used, the results are not directly comparable. In addition, transport processes to the construction site were completely neglected. However, what does show parallels is the share of product and construction process stage in relation to the overall emissions. According to Noda, 90% of CO 2 emission of the concrete structure is emitted in the product stage. This statement can be confirmed by this study. In its timber construction, 75% of CO2 emissions are caused by the production of construction materials. In this study, this is much less, because the emission factors of wood are different.
Since the beginning of this study (2015) and the publication, the databases have evolved. Not only the electricity supply mix but also the data basis for construction materials has improved. To illustrate this development, the study-relevant datasets from ecoinvent 2.2 and ecoinvent 3.4 with the BAllocation, cut-off by classification system model (Wernet et al. 2016) were compared in Table S7 (Appendix B, Electronic Supplementary Material). Here are to observe greater differences in the data sets of concrete and reinforcing steel. For concrete, the difference is mainly due to the different compositions. In the 2.2 version, 300 kg cement is contained in a m 3 concrete and in the 3.4 version already 355 kg. From the construction reports, there was no information on the concrete quality so the original dataset from ecoinvent 2.2 was used. The effect of the different composition of ready-mixed concrete was investigated by Passer et al. (2018) . In the case of reinforcing steel, ecoinvent 3.4 changed the production location of European steel from Europe to global. By this change, LCA results of steel are much worse though the composition has not changed. Due to the different inventories, a direct comparison is difficult. However, the direct comparison of the electricity mixes as in Sect. 4.1 is easier. The sensitivity analysis shows that the results are improved by a maximum of 1.95% and a minimum of 0.17% by the newer electricity mix.
The study made visible that the transport of materials and machines to the construction site can be an important factor. The change from scenario 2 to scenario 3 already results in an average increase of 16% of the total output of the individual construction sites. It has also been found that this process is one of the biggest uncertainties. In order to reduce or even eliminate this uncertainty, care must be taken in the future preparation of such LCAs that transport distances be well documented.
By transferring the real world in LCA outcomes, there is always a certain amount of uncertainty and variability. Uncertainties in LCA can be in parameter uncertainty, model uncertainty and uncertainty due to choices. Variability covers Fig. 10 Shares of emissions caused by material classes in relation to the overall results of the product stage (A1-A3) of the various construction sites spatial variability, temporal variability, and variability between objects and sources (Huijbregts 1998) . This study should help to identify and minimize these. By knowledge of uncertainty factors and process hotspots, these can be treated in advance in future studies and thus minimized or specified by the methods proposed by Huijbregts.
Conclusions
The focus of this article is on the analysis of the potential environmental impacts of the construction of torrent control structures. In the study, a method for calculating the impacts of the product stage and the construction stage are demonstrated. This method was developed on the basis of existing standards and databases. It is shown where the environmental hotspots and thus associated savings in these special structures are.
The emissions and energy inputs in the product stage are clearly dominated by concrete and steel. Saving potentials can be found in the production of these materials or even in their substitution. The application of the Austrian electricity supply mix appears to be meaningful since this has resulted in an average change of 2.8% of the total result and is therefore not insignificant. Further studies should use the version 3.4 of ecoinvent. Version 3.4 provides updated datasets and allows a more precise modeling of the materials concrete and steel by minimizing uncertainties. This screening study has mainly dealt with the impact categories GWP 100 and CED. In Table 4 , other impact categories have been presented, which correspond to the required categories of the current standardization (CEN 2013) . This should be done to avoid a one-sided presentation of the results. It has to be mentioned that the EN 15804 is currently being revised and that further impact indicators will have to be evaluated in the future if the standard draft (CEN 2018a) is implemented in the current way. In addition, the separate specification of biogenic GWP would become mandatory.
The uncertainty in the calculation of the transport distances to the construction site is relatively large since no records are available and the assumed distances are based on statistical values or assumptions. Usually, transportations of materials to the construction site is not taken into account in the LCA of conventional buildings (EN ISO 15804). Due to the considerable influence of this service (with scenario 2 12% of all emissions) on the overall result, it must not be neglected. When using materials obtained from stone, special attention is paid to short transport distances. By recording the real transport distances, a more precise evaluation and the resulting optimization measures would be possible.
Concerning the construction stage, it should be noted that excavation work is responsible for most of the emissions. The on-site transports are also responsible for a substantial share of the overall emissions. An interesting detail that is neglected in existing standards and calculations is the transport of the workers to the construction site. As these transports account for an average of 4% of the overall result, they must not be neglected and thus represent an optimization potential.
Due to the differences between conventional buildings and torrent control structures, other processes are becoming more important. The biggest difference is that torrent control structures are hard to compare and do not need any energy for their operation. As a result, the construction stage gains in importance. Due to this difference, the focus of the calculation falls on the construction stage and requires other rules of calculation.
Future work
This study should clarify how the product and construction stage have to be treated according to the standards and where the hotspots and uncertainties of this process can be found. The future focus will be on the remaining stages of the life cycle. In order to be able to depict the entire life cycle, use and end of life stages have to be further investigated.
In order to achieve comparability between the construction projects, a consideration of the individual structures and of the specific functions seems to make sense. In future studies, the definition of a functional unit, which makes it possible to compare variants of a protective system, is essential.
The future goal must be to develop a calculation model for protective structures and, subsequently, for the field of civil engineering works. This calculation model is intended to provide an opportunity to quickly and easily visualize the environmental impacts of these structures, enabling decision makers to assess and take into account the environmental impacts of the entire life cycle.
